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Exploring brain functions in autism spectrum disorder: a systematic review on functional near-
infrared spectroscopy (fNIRS) studies 
 
Abstract    A growing body of research has investigated the functional development of the brain in autism spectrum disorder 
(ASD). Functional near-infrared spectroscopy (fNIRS) is increasingly being used in this respect. This method has several 
advantages over other functional neuroimaging techniques in studying brain functions in ASD, including portability, low cost, 
and availability in naturalistic settings. This article reviews thirty empirical studies, published in the past decade, that used 
fNIRS in individuals with ASD or in infants with a high risk of developing ASD. These studies investigated either brain 
activation using multiple tasks (e.g., face processing, joint attention and working memory) or functional organization under a 
resting-state condition in ASD. The majority of these studies reported atypical brain activation in the prefrontal cortex, 
inferior frontal gyrus, middle and superior temporal gyrus. Some studies revealed altered functional connectivity during 
resting-state, suggesting an inefficient information transfer between brain regions in ASD. Overall, the findings suggest that 
fNIRS is a promising tool to explore neurodevelopment in ASD from an early age. 
 
Keywords Autism spectrum disorder, functional near-infrared spectroscopy, fNIRS, neurodevelopmental disorders, 
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1. Background 
Autism spectrum disorder (ASD) is a high incidence neurodevelopmental disorder. The prevalence of ASD is 
estimated at 6.2 per 1000 people worldwide (Elsabbagh et al., 2012), and a recent study of 8-year-olds in the United States 
found a prevalence as high as 16.8 per 1000 people (Centers for Disease Control and Prevention., 2014). The core symptoms 
of ASD include a deficit in social communication and interaction, as well as restricted/repetitive patterns of behaviour or 
interests (American Psychiatric Association, 2013; Maenner et al., 2014). ASD is likely a result of compounded effects of 
early neural development and social environment adaptation.  However, the etiology of ASD has not yet been clearly 
identified partly due to the large degree of heterogeneity manifested in the clinical phenotype, as well as the limitations of the 
available technologies for measuring the underlying neural basis. Recent advances in our understanding of neuromechanisms 
in ASD were facilitated by rapidly developing brain imaging techniques, including functional magnetic resonance imaging 
(fMRI), magnetoencephalography (MEG), and electroencephalography (EEG). These techniques, however, all have their 
limitations (e.g. high cost, loud noises, sensitivity to movements etc.) in exploring brain development in ASD, especially in 
infants and young children with ASD. The emergence of functional near-infrared spectroscopy (fNIRS), as a valuable tool for 
detecting brain functions by measuring the changes of hemodynamic response, helps us to better understand the early 
development of brain functions in ASD (Gervain et al., 2011; Wilcox and Biondi, 2015). 
 To our knowledge, this paper is the first systematic review to discuss findings of abnormal brain activation and 
functional integration in ASD as revealed by fNIRS. First, we provide a brief overview of brain functional activation and 
connectivity in ASD, as well as a description of fNIRS together with its advantages in the exploration of ASD. Second, a 
comprehensive search for empirical studies in terms of the implementation of fNIRS in the field of ASD is illustrated. Finally, 
the remaining challenges and future research directions in this emerging field are discussed.   
3 
 
1.1 Functional brain activation and connectivity in ASD 
 In the field of neurology and neuroscience, most theoretical accounts of brain functions are based on either 
functional localization (i.e. the activation of specific brain areas) or functional integration (i.e. the connection among different 
brain areas) (Friston, 2011; Sporns, 2013, 2003). The basic assumption of functional localization is that functions can be 
localized in one or more cortical areas. This view has been widely adopted in the studies of ASD to identify impaired brain 
areas by comparing brain activity between patients and typical developing controls (TDC). A bundle of socially relevant 
brain areas were found to be impaired to some extent in ASD, including the superior temporal sulcus (STS), amygdala, 
inferior frontal gyrus (IFG) and temporo-parietal junction (TPJ) (Pelphrey et al., 2012; Philip et al., 2012). These brain 
regions are supposed to be associated with various functions including social perception, joint attention, mentalizing, 
language, as well as executive functions necessary for cognitive control.  
Although the brain function positioning helps us to localize particular brain regions with specific functions, it has 
become apparent that brain regions do not operate independently even for completing a simple task. Recently, functional 
integration among brain regions that are spatially separated but share similar functions has been recognized (Kana et al., 2014; 
Sporns, 2013). One approach to characterize functional integration is to assess the synchronization of neural activity among 
brain areas, also known as functional connectivity. The majority of fMRI studies in ASD suggests that individuals with 
autism show a pattern of altered functional connectivity among structurally separated brain regions (Abrams et al., 2013; 
Itahashi et al., 2015; Keown et al., 2013). An under-connectivity was observed in autism between the frontal gyrus and 
posterior regions involved in “theory of mind (ToM)” – the social ability of attributing mental states to oneself or 
others’(Baron-Cohen, 2001; Kana et al., 2009; Paynter et al., 2016), the left hemispheric posterior superior temporal gyrus 
(pSTG) and the dopaminergic reward areas (Abrams et al., 2013), as well as the insula and the amygdala involved in emotion 
processing (Ebisch et al., 2011). This decreased functional connectivity in ASD suggests that the transmission of neural 
information in the brain of individuals with ASD is proceeding in a less efficient manner compared to typical controls. 
However, current findings based on previous neuroimaging studies do not allow us to draw a clear conclusion on the brain 
functions in ASD. In order to better understand the changes of the different pattern of brain functions in ASD, multiple 
technologies and methodologies are needed to further explore these two important issues from different perspectives.   
1.2 fNIRS and its advantages in ASD research 
 fNIRS is a non-invasive neuroimaging instrument which measures brain activity by using near-infrared (NIR) 
spectrum light. The 650–900 nm NIR light is strongly absorbed by oxyhemoglobin (oxy-Hb) and deoxyhemoglobin (deoxy-
Hb). Since the light in this spectrum is relatively transparent to human tissues, the fluctuation of hemoglobin concentration 
can be detected through the use of light attenuation at multiple wavelengths (Ferrari and Quaresima, 2012). One important 
physiological principle underlying fNIRS is the neuro-vascular coupling through which there is a relationship between 
neuronal activity and changes in localized cerebral blood flow (CBF). Both fNIRS and fMRI depend on this coupling, also 
known as the hemodynamic response or Blood-Oxygenation-Level-Dependent (BOLD) response, to probe the neural activity 
(Raichle and Mintun, 2006). There are three common fNIRS techniques based on this neuro-metabolism, including 
continuous wave (CW), frequency-resolved and time-resolved NIRS (see Gervain et al., (2011) for more details). The CW 
system is currently the most widely used technique. It measures the neural activity by monitoring changes in light attenuation, 
which is proportional to the concentration changes of tissue chromophores (e.g. oxy-Hb and deoxy-Hb), based on 
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measurements of continuous-wave NIRS light at two or more wavelengths. Given that the light is either absorbed by the 
chromophores, transmitted to the detector, or scattered when it travels through the brain, the modified Beer–Lambert law is 
applied to calculate the concentration of the oxy-Hb and deoxy-Hb (Baker et al., 2014; Gervain et al., 2011). Based on these 
physical and physiological principles, fNIRS allows us to measure the neural response through changes in hemoglobin 
concentration detected by the NIR light. 
fNIRS has several advantages over other neuroimaging techniques, such as portability, low cost, and usefulness in 
naturalistic settings. Among neuroimaging technologies, it has a better temporal resolution compared to fMRI, and a higher 
spatial resolution than EEG. In addition to these general advantages, fNIRS has distinct superiorities in studying brain 
functions of ASD. First, with the introduction of fNIRS, developmental researchers can have a deeper insight into the 
functional activation and organization of the brain in infants and young children, which is hard to realize with fMRI 
especially when they are awake or hyperactive (Siddiqui et al., 2017). Recent reviews on the usability of fNIRS in infant 
populations (Gervain, 2014; Gervain et al., 2011; Lloyd-Fox et al., 2010; Wilcox and Biondi, 2015) suggest that the benefits 
of fNIRS make it an effective option for the study of infants at high risk of developing ASD (HR), who have an older sibling 
with ASD and are as such more likely to develop ASD compared to children without a family history of developmental 
disorders. Taking into account the valuable physiological information provided by HR infants, studies of HR infants have the 
potential to clarify early manifestations of functional and structural features of the ASD brain (Bölte et al., 2013; Sandin et al., 
2014) (further discussion in 4.3.1). Second, fNIRS has proven suitable for studying patients with psychiatric disorders (Ernst 
et al., 2012), including schizophrenia and developmental disorders such as attention-deficit/hyperactivity disorder (ADHD) 
and also ASD (Iwanaga et al., 2013; Zhu et al., 2014). For those who suffer from a developmental disorder, it is a challenge 
to participate in an fMRI study because some of them can hardly control their hyperkinetic behaviour or endure the enclosed 
space and loud noises. Compared to the limited and claustrophobic space in fMRI research, the bigger visible room and the 
attenuated noise in fNIRS lets participants experience more natural conditions during experiments. The reduced noise 
surrounding (compared to fMRI) also makes fNIRS a good technique to investigate language perception, which is essential 
for adequate social communication and often impaired in ASD. It should however be noted that there are also some 
limitations when using fNIRS. The spatial resolution of fNIRS, for example, is inferior to that of fMRI and it measures the 
hemodynamic response mainly from the surface of the scalp (Lloyd-Fox et al., 2010). But taken together, the advantages of 
fNIRS outweigh its disadvantages in the investigation of brain functions in people with ASD (Wilcox and Biondi, 2015), and 
hence fNIRS is considered as a promising tool to explore neurodevelopment of ASD from an early stage.   
2. Methods  
2.1 Literature search 
We conducted a comprehensive search for empirical studies that used fNIRS in individuals with ASD or in HR 
infants. Publication year was not restricted, and the latest database search was performed in January of 2018. The online 
search was performed in MEDLINE via PubMed interface, Scopus, and ISI Web of Science. Within each database, the 
following broad keywords were used: terms related to ASD (i.e. autism or Asperger or pervasive development disorder or 
autism spectrum disorder or ASD), and a combination of terms for fNIRS (i.e., near-infrared spectroscopy or NIRS). All 
terms in each category were included within parentheses using the Boolean operator “OR”, and the resulting two brackets 
were connected by “AND”. 
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2.2 Inclusion criteria 
After removing duplicate records, the articles produced by the search were required to meet pre-established criteria as to 
confirm the studies were relevant to the field of ASD and fNIRS. The inclusion and exclusion criteria were defined as 
follows: 
• Articles were required to be published in English.  
• Articles were required to be a peer-reviewed research (not a conference abstract/paper).   
• Articles were required to be empirical research in which a fNIRS experiment was conducted (not a review/summary 
article) in ASD or HR infants.  
• Studies were excluded if the participants did not have a diagnosis of ASD or were not at high risk for ASD, but were 
only reported to show traits of autism. 
2.3 Assessment of risk of bias 
 We have assessed study quality through the Cochrane Risk of Bias Tool (CRBT; Higgins and Green, 2011). In this 
review, four types of biases have been evaluated: detection, attrition, reporting and other sources of bias. The evaluation of 
the sequence generation and the allocation concealment provided by CRBT was inapplicable for this review study, as most of 
the included studies used a blocked randomization design in which the allocation of participants was known after recruitment. 
The bias assessment caused by blocked randomization has been incorporated in the assessment of other sources of bias.  
2.4 Data extraction and synthesis 
 Crucial information has been extracted from all the studies selected, such as average age and diagnostic/screening 
criteria for the ASD and HR groups, gender ratio and sample sizes of the TDC groups as well as the ASD and HR groups, 
and information on the experimental tasks used during fNIRS measurements. The studies we have searched were first 
classified into two chief categories: functional activation and functional connectivity. The studies examining cortical 
activation during various tasks have been sub-grouped into three categories: social perception and integration (e.g. facial 
processing, joint attention, and theory of mind), language (e.g. speech processing), working memory and inhibition (e.g. letter 
fluency, tasks switching, and inhibition). Details of NIRS measurements were recorded as well, including NIRS systems, 
number of channels and source-detector distance.  
 The limited number of studies in each category and the inconsistencies of the NIRS measurements used across 
different laboratories have permitted us to provide merely a descriptive synthesis on the basis of the overall results. To better 
understand the cortical activation and functional connectivity in individuals diagnosed with ASD examined by fNIRS, 
findings showing significant differences between ASD groups and control groups were extracted.  
3. Results 
3.1 Overview of included papers 
Thirty articles specifically using fNIRS to study individuals with ASD or HR infants were identified. The search of 
multiple databases yielded 312 papers in total. After omitting duplicates, 176 of them were selected for the follow-up 
screening process (see Fig. 1). Based on inspections of abstracts and titles, a total of 141 studies that did not meet the 
inclusion criteria were excluded, most of them were unrelated to both ASD and fNIRS (n=123) or belonged to a review/book 
chapter/conference abstract (n=18). The remaining 35 papers were evaluated based on the full text. Finally, another five 
articles were excluded as they were conference papers (n=2), in abstract format (n=1), or performed eye-tracing/genetic 
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measurement together with fNIRS data presented elsewhere (n=2). Both authors have evaluated these articles and have 
agreed on the selection.  
 Based on our search, the first study concerning ASD brain functions using fNIRS was published in 2006 (Kuwabara 
et al., 2006). Whereas there were only 4 publications before 2011 (n=1 in 2006, n=1 in 2007, n=2 in 2009), the number of 
publications since 2011 varies between 2 and 6 per year. We noticed a slight growth in the number of publications in this 
research field over the years, although there are still not enough studies for this increase to be statistically significant. Each of 
the included studies was summarized in Table 1 and Table 2 in terms of (a) first author and year of publication; (b) type of 
task; (c) participant characteristics (e.g. age, sample size and diagnosis criteria); (d) NIRS system (wavelength, pre-defined 
channels and source–detector separations); and (e) main findings. The risk of bias for the included studies is summarized in 
Supplementary Fig.1. Twelve studies met at least four of the criteria (judged as “low-risk”), and eight studies met three of the 
criteria. The commonest unclear bias we have faced was due to blocked randomization, which increases the bias for 
predicting subject assignment.  
3.2 Characteristics of participants 
In total, 429 participants with ASD or at high risk of ASD have been reported on, although there was overlap 
between studies. The largest sample size contained 33 participants at high risk of ASD, whereas the smallest sample reported 
only on one participant with pervasive development disorder (PDD) in a study of epilepsy. Across all 28 studies that reported 
gender ratio (n=2 did not report gender), 67.9% (n=256) of the participants were male and 32.1% (n=121) were female. 
Seven studies only included male participants. With respect to age, 53.3% (n=16) of the studies involved participants with a 
mean age ranging from 12 months to 18 years old, whereas the proportion of studies of infants (n=6, mean age<12 months) 
and adults (n=7, mean age>18 years) accounted for 20% and 23.3% of the studies respectively. The remaining study (n=1) 
involved both a child and an adult group. 
 Clinical diagnosis of ASD was generally based on the DSM-IV (n=18 studies) and DSM-5 (n=2 studies) criteria, 
and infants were defined as high-risk when they had at least one older sibling with ASD (n=6 studies). Eleven studies 
specified the diagnosis of their participants based on DSM-IV: 73 participants had been diagnosed with autism (mainly ‘high-
functioning autism’), 53 had an Asperger Syndrome diagnosis, 28 had a PDD-NOS diagnosis and one participant was 
diagnosed as having atypical autism. Within those studies using DSM-IV criteria, a total of 95 participants (n=4 studies) were 
described as diagnosed with ASD without specifying the diagnosis and 31 participants (n=3 studies) were described as 
having PDD. A total of 118 high-risk infants were investigated in six studies. In addition, sixteen studies specified the 
diagnostic instruments used to assess the clinical performance, such as the Autism Diagnostic Observation Schedule (ADOS), 
the Autism Diagnostic Interview-Revised (ADI-R) and other diagnostic instruments (see Table 1 and Table 2 for details).  
3.3 NIRS measurement  
 A total of 14 NIRS systems have been applied to explore brain function in individuals with ASD. The details of 
NIRS measurement have been listed in Table 1 and Table 2. The most commonly used system (in nine studies) is the Hitachi 
ETG-4000 system with light sources emitting NIR light at 695 and 830 nm. This system sets the distance between source and 
detector at 3 cm. Across the different NIRS systems, two (e.g. Hitachi ETG-4000) or three (e.g. Shimadzu’s, FOIRE-3000) 
wavelengths ranging from 690 to 850 nm were used to measure hemoglobin changes. Most NIRS systems (in twenty-five 
studies) used source-detector distances at 3 cm, whereas the UCL Optical Brain Imaging System (in three studies), the 
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Huazhong University JH-NIRS-BR-05 system (in one study) and the TechEn, CW6 system (in one study) used distances of 2 
cm, 2.2 cm, and 2.6 cm respectively. The number of measured channels, commonly consisting of a pair of sources and 
detectors, varied throughout studies. The minimum number of channels used was 2 (in six studies) and the maximum number 
was 69 (in one study). 
 
Fig. 1 Flow diagram of the literature search and subsequent screening performed in this the review 
 
3.4 Brain functions in ASD  
Of the 30 studies targeting brain responses in ASD, 26 studies focused on brain activity under a specific 
experimental setting, and another 4 studies emphasized functional connectivity between brain regions. Of the 30 studies, 
thirteen studies (43.3%) mainly reported on the prefrontal cortex (PFC), seven studies (23.3%) focused on the temporal 
cortex, two studies (6.7%) examined the frontal cortex, and another eight studies (26.7%) involved a wide range of brain 
regions. Here, one study involving a letter-fluency task (Gallagher et al., 2007) was classified as “language”, as it was 
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designed to examine language processing and covered brain regions associated with language. We retained the terms of the 
“frontal” and “prefrontal” cortex after extracting from studies.  
3.4.1 Brain functional activation 
Fourteen of the studies concerning brain activity involved social processing and integration (n=3 for social 
perception, n=7 for facial processing, n=4 for joint attention and theory of mind), three involved language and nine involved 
working memory and inhibition (n=3 for response inhibition, n=3 for working memory and n=3 for letter fluency). The tasks 
used as well as the main findings of the papers that investigated brain activation in individuals with ASD are listed in Table 1.   
Social perception and interaction 
 Three fNIRS studies concerning social perception found that HR infants aged 4 to 6 months showed weaker 
activation in response to visual and auditory social stimuli in the temporal cortex compared to low risk (LR) controls, 
predominantly in the left STS (Lloyd-Fox et al., 2013, 2017) and the right posterior temporal cortex (Braukmann et al., 2017).  
Seven fNIRS studies focused on facial processing in individuals with ASD and found a decreased response in 
individuals with ASD compared to individuals with TDC in the IFG during self-face recognition (Kita et al., 2011) and 
imitation of emotional facial expressions (Mori et al., 2015), as well as in the PFC when processing fearful faces (Nakadoi et 
al., 2012). A different type of activation response with smaller oxy-Hb and greater deoxy-Hb changes was also found in the 
frontal and lateral regions in 5 to 7-month-old HR infants as compared to LR infants during familiar and non-familiar face 
perception (Fox et al., 2013). By applying a support vector machine (SVM) that builds a binary classifier to assign 
individuals into different groups, Ichikawa and colleagues (2014) classified children aged around 9 years old into an ASD 
group and an ADHD group based on the hemodynamic response to their mother’s face. Classification accuracy reached 84% 
for the best subset of channels and 62% for all channels. 
With regard to social-cognitive tasks, including joint attention, mindreading and imitation, the results of fNIRS 
studies showed abnormal activity patterns in children with ASD in the frontal cortex, mainly in the IFG and PFC (Chaudhary 
et al., 2011; Zhu et al., 2015). Compared to the TDC, lower activation was reported in children with ASD in the PFC when 
following eye gazes of others (Zhu et al., 2015) and describing the mental state of a person (Iwanaga et al., 2013), as well as 
reduced activation in the IFG and decreased left lateralization in the rostral PFC for imitation tasks (Tamura et al., 2012).     
Language 
One study reported weaker functional lateralization for speech in children with ASD compared to a control group 
(Minagawa-Kawai et al., 2009), while another study found significant lateralization for speech in the Broca’s area in one 
child with PDD (Gallagher et al., 2007). Regarding early language development, decreased activation was found in a LR 
female group at 3 months of age during a syllable repetition task whereas no such change was observed in a HR female group 
(Edwards et al., 2017). 
Working memory and inhibition 
 Nine fNIRS studies have investigated working memory and inhibition in ASD. These studies observed an atypical 
activation in the PFC during letter-fluency tasks (Iwanami et al., 2011, 2010; Kawakubo et al., 2009), working memory tasks 
(Narita, 2015; Yanagisawa et al., 2016) and task switching/inhibition (Funabiki et al., 2012a, 2012b; Narita et al., 2012). 
Studies of working memory conversion showed that a switching tendency of hemodynamic activation in the PFC was 
obvious in TDC but was not shown instantly in ASD (Narita et al., 2012; Yanagisawa et al., 2016). Regarding inhibitory 
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control ability in ASD, studies showed reduced activation in the right PFC during a Go/No-go task (Funabiki et al., 2012; 
Xiao et al., 2012) compared to a TDC group and in the left ventrolateral PFC during a stop signal task compared to an ADHD 
group (Ishii-Takahashi et al., 2014). During letter fluency tasks, researchers found a decreased oxy-Hb response in the PFC in 
ASD as compared to TDC (Iwanami et al., 2011, 2010; Kawakubo et al., 2009), as well as an association between this 
reduction in oxy-Hb and the verbal communication deficits in the ASD group (Kawakubo et al., 2009).  
3.4.2 Brain functional connectivity 
The main findings of fNIRS studies with regard to functional connectivity in individuals with ASD are listed in 
Table 2. Only one of the four studies was stimulation-free, while the other three were conducted with language stimuli, a TV 
show or a cartoon. As shown in Table 2, decreased functional connectivity between anterior and posterior brain regions was 
found in HR infants at 3-12 months (Keehn et al., 2013). The weaker RSFC has also been reported (a) between bilateral 
temporal lobes (Li et al., 2016) and (b) within the right PFC (Li and Yu, 2016) in children with ASD. Only one study 
reported increased functional connectivity in the bilateral anterior PFC, which was positively correlated to the severity of the 
social deficit, in 3-7 years old children with ASD (Kikuchi et al., 2013). By using functional network efficiency to 
discriminate ASD from TDC, Li and Yu (2016) reported a classification accuracy rate of 83.3% while Li et al., (2016) 
reported a sensitivity of 81.6% and a specificity of 94.6%.  
4. Discussion  
After a comprehensive search, 30 articles related to the brain functions of people with or at risk for ASD using 
fNIRS were identified. The experimental tasks used in the included articles were designed to investigate the various aspects 
of ASD characteristics and included a wide range of social tasks (e.g., facial processing, joint attention, and theory of mind), 
language tasks (e.g., speech processing), as well as other cognitive tasks (e.g., working memory, switching and inhibition). 
Only a few studies focused on the functional connectivity between brain regions. We further discuss these aspects below and 
highlight some of the challenges and research tendencies in this field.  
4.1. Methodology of included literature 
4.1.1 Study participants 
Although the diagnostic criteria used (e.g. DSM-IV and DSM-5) had been depicted in the majority of fNIRS studies 
in ASD, there are still some studies that did not clearly describe the specific diagnostic tools used (e.g. ADOS and ADI-R). 
Referring to the gender ratio, the overall ratio of male to female participants in fNIRS studies of ASD is over 2:1, which is 
quite typical in ASD research, as the gender ratio of individuals with ASD is close to 3:1 (Loomes et al., 2017). However, 
there are still some studies that only include male participants. In addition, the sample sizes of the different fNIRS studies in 
ASD are relative small, which may contribute to low statistical power and reduce the reliability of the research. Recruitment 
of larger samples and a detailed description of clinical diagnoses should be encouraged in future fNIRS studies in the field of 
ASD.   
A general tendency in fNIRS literature pertaining to ASD is to investigate the early brain functions in children and 
infants. This happens to be the opposite of fMRI research in the field of ASD, which favors mapping the adult’s brain (Philip 
et al., 2012). Using fNIRS to explore individuals with ASD during early childhood might compensate for the lack of 
understanding of early brain development in ASD (see also 4.3.1).  
4.1.2 NIRS systems and measurements 
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 A noteworthy issue concerning fNIRS studies in ASD is that the NIRS systems and the optodes placements vary 
throughout the particular laboratories. Most of these NIRS systems used continuous wave NIR light to monitor the changes 
of hemoglobin concentration. However, the light’s wavelengths, which may contribute to the quality of signals (Gervain et al., 
2011), across these NIRS systems are not always consistent. The source-detector separation, an important parameter of a 
NIRS system for determining the depth of penetration, also showed slight differences among the fNIRS studies in ASD. The 
number of channels employed, directly affecting the scope of covered brain region, ranged from very few channels to nearly 
a hundred channels. Although parameters were carefully chosen for each study, these differences make it more difficult to 
compare and standardize various studies. 
4.2 Brain functions in ASD 
4.2.1 Brain functional activation 
As shown above, advancements in optical imaging techniques allow us to explore the brain activation in ASD in a 
variety of experimental settings. Converging evidence from the fNIRS studies further support the notion that atypical brain 
activation under specific tasks is related to behavioural symptoms in individuals diagnosed with or at risk for ASD. 
Social perception and interaction 
 In the past decade, the notion of a “social brain” in ASD has come up, together with the unsolved questions of brain 
development in high-risk infants (Elsabbagh and Johnson, 2016). fNIRS studies provide more evidence for an altered 
development of the “social brain” in ASD. For instance, lower activation in the temporal and frontal cortices in infants at 
high risk is observed with fNIRS in the context of social perception (Braukmann et al., 2017; Fox et al., 2013; Lloyd-Fox et 
al., 2017, 2013), which has been examined less in previous neuroimaging studies and could help us to further understand 
early brain functioning in ASD. The negative correlation between ASD symptoms at 3 years and neural activation to social 
stimuli at 4-6 months (Lloyd-Fox et al. (2017) suggests that a lack of cortical specialization to external social input, mainly 
reported in the temporal cortex, is likely to have already existed in the first year of life in infants who later develop as ASD.          
 Facial processing, which is generally right hemisphere dominant in the typically developing population, is often 
impaired in ASD (Jung et al., 2016; Kita et al., 2011). This is supported by studies using fNIRS (Jung et al., 2016), which 
indicates that both hemispheres participate in face processing more equally in ASD and that their efficiency is lower than in 
TDC. Likewise, atypical functional activity for face processing was found to arise in the early ASD brain (Fox et al., 2013). 
These findings extend previous fMRI results (Harms et al., 2010; Monk, 2010) by revealing impaired functions in the frontal 
and prefrontal cortex in ASD when processing face information. In addition, fNIRS studies also provided more evidence for 
abnormal brain functions in social interaction, including imitation, joint attention and theory of mind (Chaudhary et al., 2011; 
Zhu et al., 2015).      
Language processing  
Similar to previous fMRI findings involving language in ASD (Knaus et al., 2010; Knaus et al., 2008; Verly et al., 
2014), fNIRS studies indicated a distinctive pattern of activation or lateralization in the temporal and frontal cortex in 
individuals with ASD (Edwards et al., 2017; Minagawa-Kawai et al., 2009). Minagawa-Kawai et al., (2009) and Edwards et 
al., (2017) reported a weaker response to language stimuli in children with ASD and HR infants, while Gallagher et al., (2007) 
found a clear activation in Broca’s area in a 12-year-old child with ASD. Given the very limited number of participants 
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reported in the latter study, this finding should be approached with caution. In general, research on neural mechanisms of 
language processing using fNIRS is still relatively scarce.  
Working memory and inhibition 
fNIRS studies that investigated working memory and inhibition indicated an atypical activation in the PFC in 
individuals with ASD. These distinct patterns of neural activation during executive tasks can inform us about the engagement 
of cognitive control of behaviour in ASD (Corbett et al., 2010; Narita et al., 2012). For instance, Yanagisawa et al., (2016) 
found lower and delayed weighted separability (WS) values - indexes of quantitative evaluation that evaluate brain activity 
based on the feature phase of oxy-hemoglobin and its differential value - in the left dorsolateral PFC in ASD compared to 
TDC participants.  
Response inhibition is another important executive function that involves the cognitive ability of self-suppression of 
task-irrelevant impulses and behaviour. Evidence of inhibitory dysfunction in individuals with ASD was found in fNIRS 
studies with reduced activation in the right PFC during a Go/No-go task (Xiao et al., 2012) and an auditory attention task 
(Funabiki et al., 2012a). These findings suggest that the difficulty of response inhibition in individuals with ASD may be 
related to their repetitive and stereotyped behavior, which needs to be replicated in future research. 
4.2.2 Brain functional connectivity  
  The findings of the fNIRS studies further confirm that atypical behaviour in ASD is not only linked to the atypical 
activation patterns of specific brain regions but also associated with the disturbed collaboration between different brain 
regions (e.g., frontal-posterior under-connectivity) (Keehn et al., 2013; Li et al., 2016; Maximo et al., 2014; Zhu et al., 2014). 
Functional connectivity, which was originally measured with fMRI, has emerged as a promising method for mapping the 
intrinsically functional networks in the brain and has gained popularity in recent fNIRS studies. Decreased functional 
connectivity was observed in both children with ASD (Li et al., 2016; Li and Yu, 2016; Zhu et al., 2014) and infants at high 
risk of ASD (Keehn et al., 2013). These findings of atypical functional connectivity represent inefficient information transfer 
across neural networks in the brain of individuals with ASD. Although most studies revealed underconnectivity in individuals 
with ASD, Kikuchi et al., (2013) observed increased functional connectivity in the bilateral anterior PFC in children with 
ASD. Notably, this finding was based on relatively high-frequency spontaneous fluctuation at 0.02 Hz, rather than 0.01-0.1 
Hz that has predominantly been used for functional connectivity research. More research on this issue is needed to help us 
better understand the changes in functional connectivity in individuals with ASD. 
 Studies have shown that functional network efficiency, as measured by fNIRS, can be applied as a neural biomarker 
to discriminate ASD from TDC (Li et al., 2016; Li and Yu, 2016). For instance, Li and Yu (2016) used the K-means method 
and J.Li and colleagues (2016) used a support vector machine to distinguish children with ASD from the TDC. These studies 
suggest that fNIRS has the potential to become an auxiliary tool when screening individuals for ASD using the obtained 
hemodynamic data.   
4.3 Future directions  
4.3.1 Infants and longitudinal research 
There is an ongoing debate over the origins and development of ASD. Previous ASD research has raised several 
important questions, like (1) how does the immature brain functionally represent external input from birth? and (2) to what 
extent do social experience and environment facilitate the development of children with ASD as they grow up? To solve 
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these issues, further exploration of the early brain development in ASD is needed. To date, however, not enough effort has 
been put in the examination of developmental characteristics of the ASD brain from an early stage. Although recent research 
has made contributions to our knowledge of alterations of brain functions in adults with ASD (Kleinhans et al., 2016; 
Murphy et al., 2014), only a limited number of studies have investigated the neural mechanisms in babies or young children. 
Two possible explanations for the lack of these studies are the limitations of neuroimaging techniques when it comes to 
infant’s studies and the difficulties of detecting early autism. All these factors point to the importance of neuroimaging 
studies, among which fNIRS and EEG are more recommended, in infants at risk of ASD during prospective follow-up studies.  
 With the benefits of fNIRS in early investigations and longitudinal studies, future work focusing on the early 
characterization and its changes in ASD is likely to be vital for elucidating the etiology of ASD. As mentioned earlier, the 
characteristics of HR infants can help us to have an initial understanding of early features of ASD. Some studies (Keehn et al., 
2013; Redcay and Courchesne, 2005) indicate that abnormalities in early brain function may have existed in the first year of 
ASD, which facilitates researchers to focus on a younger age group when examining ASD.  Meanwhile, converging evidence 
strongly suggests the critical role of age in the ongoing behavioural symptoms (Wallace et al., 2017) and brain growth 
(Courchesne et al., 2011) of individuals with ASD. Longitudinal studies of HR infants help us explore the age-related growth 
trajectory and the ‘endophenotypes’ (Gottesman and Gould, 2003) that often involve neurophysiology and neuroanatomy. 
The follow-up study by Lloyd-Fox and colleagues (2017) indicated a potential correlation between early atypical processing 
at the age of 4 to 6 months old and later social behaviour at 3 years of age.  
4.3.2 Clinical application  
One important objective of ASD research is to apply our understanding of the disorder to improve early detection 
and intervention. In this respect, attention has recently shifted to the discovery of biomarkers and possibilities of using fNIRS 
for interventions. Since early clinical diagnosis of ASD (e.g., in 18-months-olds or 24-months-olds) based on observable 
atypical behaviour may often not be as stable as at three years of age (Zwaigenbaum et al., 2016), physiological biomarkers at 
a young age is of great value for the diagnosis of ASD at a young age. The valid spatial-temporal resolution and applicability 
for studying developmental disorders make fNIRS a promising imaging method to discover biomarkers that can distinguish 
young children with ASD from a TDC population. Although we are currently unable to employ fNIRS to diagnose ASD in 
infants, the growing body of evidence supports the potential clinical usage of this instrument. The studies mentioned earlier 
suggest several promising biomarkers from fNIRS for ASD detection, such as the network efficiency in the PFC (Li and Yu, 
2016) and hemodynamic changes in the temporal cortex (Ichikawa et al., 2014).  
Neurofeedback training, which enables participants to regulate their brain function and improve behavioural 
performance through the real-time feedback of neural signals, has been extended to fNIRS studies (Liu et al., 2017; Narita, 
2015). Based on the neurofeedback approach and potential biomarkers obtained from fNIRS, the fNIRS-based neurofeedback 
has been considered as a relatively new and flourishing technique for therapeutic intervention. For instance, a training method 
has been proposed based on self-regulation of oxy-hemoglobin during facial recognition, by which the participant with ASD 
who received real-feedback showed more behavioural improvement during facial recognition compared to another participant 
with ASD who received sham-feedback (Liu et al., 2017). However, the pragmatic application of fNIRS still has problems, 
such as the technical immaturity of fNIRS-based neurofeedback, the lack of standardized analysis for hemodynamic data, and 
the shortage of biomarkers obtained from HR infants. Effort is therefore required to first discover suitable physiological 
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biomarkers with acceptable accuracy for the diagnosis and treatment of ASD, and to improve their reliability in the clinical 
environment. All of these efforts will support the development of a neurofeedback technique based on fNIRS to play a part in 
the future therapeutic interventions of ASD. 
4.3.3 Multimodality integration of techniques 
Integration of different technologies allows us to look at the same issue from multiple perspectives. The combination 
of the fNIRS with other neural or behavioural techniques should be encouraged, as it will allow us to obtain more 
information from the same participant under a certain task setting. The limited spatial resolution of fNIRS, as mentioned 
earlier, makes it difficult to localize the spatial origins of hemodynamic response, which may be addressed by an anatomical-
functional co-registration with magnetic resonance imaging (MRI) (Lloyd-Fox et al., 2014; Tsuzuki and Dan, 2014; 
Wijeakumar et al., 2015) or diffuse optical tomography (DOT) (Chalia et al., 2016; Chitnis et al., 2016; Eggebrecht et al., 
2014; Ferradal et al., 2016). Compared with fNIRS, structural MRI provides excellent anatomical detail, which makes it 
valuable to combine these two modalities. In the study of Lloyd-Fox and colleagues (2014), the hemodynamic response in 
several social brain regions, including IFG, MTG-STG, pSTS-TPJ, were neuroanatomically localized based on the fNIRS-
MRI co-registration scalp map for 4-7 months old infants. DOT, as an extension of fNIRS that reconstructs three-dimensional 
maps of changes in the hemodynamic concentration, is an effective technology for mapping the human brain with great 
spatial resolution (Chitnis et al., 2016; Eggebrecht et al., 2014). Combing this spatial advantage of DOT with fNIRS, it could 
provide a more reliable result when examining the brain functions of ASD using NIR light. Further studies of fNIRS that 
register to a valid anatomical template, rather than being limited to 10-20 coordinates, may improve our understanding of the 
neurological manifestations in ASD. 
Apart from the co-registration approach to improve the spatial localization of fNIRS, a bimodal EEG/MEG 
measurement may also turn out to be valuable for the study of ASD. The combination of these techniques allows us to 
simultaneously measure neuronal activity and cortical hemodynamics (Seki et al., 2018) in individuals with ASD. Although 
the spatial resolution is inferior to fMRI, fNIRS has acceptable spatial positioning by measuring the changes of local cerebral 
blood oxygen between each pair of optodes, as well as good tolerance for head motion (Tsuzuki and Dan, 2014). In contrast, 
both EEG and MEG have relative high temporal resolution but measure whole-head electrical signals. These factors make it 
interesting to investigate the temporal-spatial features of brain processing based on the synchronous measurement of fNIRS 
and EEG/MEG (Ge et al., 2017; Telkemeyer et al., 2011). Certainly, fNIRS coupled with behavioural examination, such as 
the Eye-tracking to measure eye-movement trajectory (Kita et al., 2011) or the ADOS to estimate the severity of symptoms 
(Kikuchi et al., 2013), is undisputedly important to address the relationship between the physiological substrates and 
symptom manifestation in this disorder.  
4.4 Challenges  
Although effort has been made to use fNIRS for ASD studies, there are still several potential challenges worth of 
noticing. In addition to the issues mentioned above, regarding the small number of participants and the inconsistencies in 
instrument parameters (see 4.1 for details), we also list the following important challenges when employing fNIRS in ASD 
studies. 
4.4.1 Motion artifacts 
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 One of the crucial issues concerns the susceptibility of fNIRS to motion-induced artifacts, a significant source of 
noise in the signal. This challenge exists in most fNIRS studies but is of importance when examining children with ASD who 
are often more hypersensitive or overreactive than a typically developing population and difficult to keep still. Also, the lack 
of well-established analysis methods for reducing motion artifacts deteriorates this problem. At the present time, removing 
motion artefacts relies mainly on discarding trials or using correction techniques, which varies greatly across laboratories. 
Although there is scientific interest in this matter, e.g. in studies comparing the performance of different motion artifact 
correction techniques (Brigadoi et al., 2014; Cooper et al., 2012), further work is still required to develop a standardized 
preprocessing pipeline to lessen the impact of motion-artifacts.  
4.4.2 Localization and interpretation  
Another unanswered question refers to the origin of neural activation as measured by fNIRS. Since fNIRS measures 
hemodynamic response from the surface cortical areas, the information from the subcortical areas (e.g., deeper than 3 cm 
below the scalp surface) might be neglected. At the same time, the spatial resolution of fNIRS is not as accurate as that of 
fMRI, and it is difficult to distinguish exactly which brain area contributes to the signals captured by the instrument. In spite 
of several more precise ways to resolve this problem, such as anatomical-functional co-registration, the most common 
solution in current fNIRS research is to use the international 10-20 system to localize the probe position (Wilcox and Biondi, 
2015). This can easily cause inaccurate positioning and interpretation of the results because of the unknown relationship 
between external probe placements and internal structures of the ASD brain.  
In addition to these methodological challenges, it is desirable to be cautious when interpreting fNIRS results based on 
hemodynamic response in ASD, especially with infants and children. The hemodynamic response is possibly modulated by 
several factors such as experimental design, age of participants, or the involved cortical regions (Issard and Gervain, 2018). 
Future fNIRS studies should take these factors into account when designing experiments and discussing findings.  
5 Limitations of the current review 
 In this review, we have systematically searched relevant articles concerning brain functions in individuals with ASD 
using fNIRS and have described their contribution to ASD research. It is not possible, however, to combine data taken from 
various studies with statistical approaches (e.g., meta-analysis), since only a small amount of studies uses similar tasks to 
study the same brain function. The discrepancies in optodes placement (e.g., source-detector distance and amount) across 
laboratories may lead to different localizations of brain regions measured throughout studies. This fact also makes it more 
difficult to compare studies. In this review, studies have been allocated to specific domains (e.g., social, language, working 
memory, and inhibition) according to the experimental tasks. We have striven to classify them accurately yet acknowledge 
that there is some overlap. For example, as we mentioned earlier, the study by Gallagher et al. (2007) was assigned to the 
category of language rather than executive functions. Finally, there seems to be some participants overlap between studies 
published by researchers from the same laboratory, which may affect our estimates of the ASD population taking part in 
fNIRS research. 
6 Conclusion  
By examining the hemodynamic response in individuals with ASD and HR infants, fNIRS has been used to explore 
both task-triggered activation and intrinsic functional connectivity in the ASD population. Findings of fNIRS studies in ASD 
provide further evidence for brain dysfunction in ASD, extending to a variety of aspects including social, communicative and 
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executive functions. Deficiencies in cortical activation and functional connectivity in individuals with ASD have been 
observed in a wide range of brain regions, such as the prefrontal cortex, the inferior frontal gyrus, the middle and superior 
temporal gyrus. Moreover, research of the fNIRS studies in ASD suggests that trajectory variations in the brain of people 
with ASD may differ from those in TDC, and these variations may emerge from an early age on. The technical advantages of 
fNIRS make it more conducive in the measurement of early brain functions and their developmental path in infants at risk of 
ASD and children diagnosed with ASD, which can be deemed as the most promising field for fNIRS in ASD research. In 
addition, in our opinion, fNIRS is to be encouraged for clinical applications in ASD, and researchers should be stimulated to 
use fNIRS together with other techniques so as to enable a better interpretation of observations. Finally, it needs to be 
acknowledged that this research area is still at an early stage and there are several challenges in the current research that need 
to be resolved in the future. 
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Table 1 Characteristics and results of fNIRS studies on functional activation in ASD1 
Study (year)  ASD & High-risk of ASD group  
Comparison 
group 
NIRS measurement Task & Stimuli 
Main findings of fNIRS 
measurement 
  
Sub-
group 
Mean 
age 
(sd) 
N 
(M/F) 
Diagnosis 
criteria 
 
Sub-
group 
N 
(M/F) 
System 
Wavelength 
(nm) 
Chann
els 
S-D 
distance 
(cm) 
  
Task: Social perception 
Lloyd-Fox 
et al., 2013 
 HR 
149.56 
days 
(26.75) 
18 
(8:10) 
ASD sibling; 
MSEL 
 LR 
16 
(10:6) 
The UCL 
Optical Brain 
Imaging System 
770 & 850 26 2 
social videos, 
pictures of 
transport, vocal 
and non-vocal 
sound 
HR<LR for visual 
social and vocal 
condition: the temporal 
cortex (STG, MTG) 
Lloyd-Fox 
et al., 2017 
 
HR&AS
D 
149.35 
days 
(27.28) 
20 
(10:10
) 
ASD sibling;  
DSM-5; 
ADOS-2; 
ADI-R; 
Vineland-II; 
MSEL Mullen  
 LR 
16 
(10:6) 
The UCL 
Optical Brain 
Imaging System 
770 & 850 26 2 
social videos, 
pictures of 
transport, vocal 
and non-vocal 
sound 
1. HR-ASD < LR for 
visual social stimuli: 
the IFG and pSTS-TPJ; 
2. HR-ASD < LR for 
vocal selective 
processing: the left 
aMTG-STG and pSTS-
TPJ; 
2. Brain response in 
HR-ASD group at 4-6 
months correlated with 
autism symptoms at 3 
years. 
Braukmann 
et al., 2017 
 HR 
5.37 
months 
(0,58) 
16 
(9:7) 
ASD sibling; 
MSEL 
 LR 
13 
(4:9) 
The UCL 
Optical Brain 
Imaging System 
770 & 850 26 2 
social videos and 
non-social videos, 
baseline pictures 
of transport 
HR<LR for social 
dynamic stimuli: the 
right pSTS-TPJ region 
Task: Face processing 
Jung et al., 
2016 
 ASD 
15.6 
years 
(9,55) 
8 
(8:0) 
ADOS; 
GARS-2 
 TDC 
12 
(12:0) 
TechEn, CW6 690 & 830 14 2.6 
Face pictures of 
human and robot 
1. TD for human face: 
the right temporal-
occipital cortex > left;  
2. no such difference in 
ASD 
Nakadoi et 
al., 2012 
 PDD 
31.6 
years 
(5.0) 
14 
(6:8) 
DSM-IV-TR; 
AQ; 
 TDC 
14 
(6:8) 
Hitachi, ETG-
4000 
695 & 830 24 3 
Emotional facial 
expression 
PDD< TDC for fearful 
faces: the PFC 
 
                                                          
1 HR high risk of ASD, LR low risk of ASD, EP Epileptic patients, HNS Healthy non-affected siblings, ADL Healthy adult group, IFG Inferior frontal gyrus, STG Superior 
temporal sulcus, MTG Middle temporal gyrus, TPJ Temporoparietal junction, PFC prefrontal cortex, ADI-R Autism Diagnostic Interview-Revised, ADOS: Autism Diagnostic 
Observational Schedule, AQ Autism-Spectrum Quotient, ASQ Autism Screening Questionnaire, ASSQ-R High Functioning Autism Spectrum Screening Questionnaire, ARS 
childhood autism rating scale, DSM Diagnostic and Statistical Manual of Mental Disorders, GARS-2 Gilliam Autism Rating Scale, MSEL Mullen Scales of Early Learning, PARS 
Pervasive Developmental Disorders Autism Society Japan Rating Scale, Vineland-II Vineland Adaptive Behaviour Scale. 
 
 
Table 1 Characteristics and results of fNIRS studies on functional activation in ASD 
Study (year)  ASD & High-risk of ASD group  
Comparison 
group 
NIRS measurement Task & Stimuli 
Main findings of fNIRS 
measurement 
  
Sub-
group 
Mean 
age 
(sd) 
N 
(M/F) 
Diagnosis 
criteria 
 
Sub-
group 
N 
(M/F) 
System 
Wavelength 
(nm) 
Chann
els 
S-D 
distance 
(cm) 
  
Task: Face processing 
Kita et al., 
2011 
 
Asperge
r & 
Autism: 
high-
function
ing 
10.2 
years 
(1.1) 
10 
(10:0) 
DSM-IV-TR 
PARS 
 
TDC 
&  
ADL 
13 
(13:0) 
& 
11 
(11:0) 
Spectratech, 
OEG-16 
770 & 840 16 3 
Morphing movies 
of self-face, 
familiar face, and 
unfamiliar face 
1. ADL for self-face 
recognition: the right 
IFG> left IFG 
2. ADL>ASD and 
TDC: the right IFG 
3. In ASD group, 
significant relationship 
between oxy-Hb in 
right IFG and ASD 
severity and SC score 
Fox et al., 
2013 
 HR 
7.06 
month 
10 
(4:6) 
ASD sibling  LR 
10 
(4:6) 
Hitachi, ETG-
4000 
695 & 830 24 3 
Movie of 
mother/stranger 
with a neutral or 
smiling facial 
expression 
1. For LR, oxy-Hb in 
the frontal and temporal 
cortex: mother>stranger 
2.  For HR, deoxy-Hb 
in the frontal and 
temporal cortex: 
mother>stranger 
Mori et al., 
2015 
 
Autism: 
high-
function
ing 
11.5 
years 
10 
(10:0) 
DSM-IV-TR  TDC 
10 
(10:0) 
Shimazu, 
OMM-3000 
780, 805 & 
830 
34 3 
Emotional facial 
expression 
Autism<TDC for the 
imitation task: the IFG 
Ichikawa et 
al., 2014 
 
ASD 
& 
ASD+A
DHD 
9.75 
years 
(1.33) 
8 
(8:0) 
DSM-IV-TR  ADHD  
9 
(9:0) 
Hitachi ETG-
4000 
695 & 830 24 3 
Pictures of 
mother’s face or 
stranger's female 
face 
Children were 
classified into Autism 
and ADHD group with 
a high classification 
accuracy: the right TPJ 
Liu et al., 
2017 
 
ASD: 
high-
function
ing 
11.5 
years  
2 
(2:0) 
ADOS- II  TDC 
2 
(0:2) 
Hitachi ETG-
4000 
695 & 830 44 3 
Training task: 
house-matching, 
face-matching, 
and bonus display 
The participant with 
autism who received 
real-feedback showed 
more behavioral 
improvement during 
facial recognition 
Task: Joint attention/ Mental state/ Imitation 
Zhu et al., 
2015 
 
Autism
& 
Asperge
r 
8.75 
years 
(1.34) 
21 
(16:5) 
DSM-IV-TR 
AQ 
 
TDC 
 
20 
(14:6) 
Shimadzu’s, 
FOIRE-3000 
780, 805 & 
830 
22 3 
Joint attention: 
eye-moving and 
red dot movie 
clips 
Autism<TDC for joint 
attention task: the PFC 
Kajiume et 
al., 2013 
 
 PDD 
10.7 
years 
(2,9) 
6 
(6:0) 
DSM-IV  TDC 
6 
(6:0) 
Hitachi, ETG-
100 
760&840 24 3 
Imitation task: 
video of a woman 
turning a bottle on 
and off 
PDD<TDC for face 
imitation task: the 
frontal and premotor 
cortex 
 
 
 
Table 1 Characteristics and results of fNIRS studies on functional activation in ASD 
Study (year)  ASD & High-risk of ASD group  Comparison group NIRS measurement Task & Stimuli 
Main findings of fNIRS 
measurement 
  
Sub-
group 
Mean 
age 
(sd) 
N 
(M/F) 
Diagnosis 
criteria 
 
Sub-
group 
N 
(M/F) 
System 
Wavelength 
(nm) 
Chann
els 
S-D 
distance 
(cm) 
  
Task: Joint attention/ Mental state/ Imitation 
Iwanaga et 
al., 2013  
 ASD 
11,5 
years 
(1,8) 
16 
(14:2) 
DSM-IV-TR 
PARS 
ASSQ-R 
 TDC  
16 
(12:4) 
Hitachi, 
ETG-4000 
695&830 22 3 
Mental state task: 
Pictures of 
people’s eyes; 
Object’s 
characteristics 
task: photographs 
of truck& flowers 
ASD<TD for mental 
state task: the frontal 
cortex 
Task: Language 
Minagawa-
Kawai et al., 
2009 
 ASD 
9.2 
years 
(1.8) 
9 
(7:2) 
ASQ 
Vineland-II 
 TDC 
9 
(7:2) 
Hitachi, 
ETG 7000 
785&830 8 3 Japanese verb 
ASD<TDC for 
lateralization for 
speech: the temporal 
cortex/Wernicke’s area 
Edwards et 
al., 2017 
 HR 
3.58 
months 
(0.39) 
21 
(13:8) 
ASD sibling  LR 
17 
(10:7) 
Hitachi, 
ETG-4000 
695&830 24 3 
Sounds with 
trisyllabic 
sequences 
1. Female HR> LR 
&Male HR for all trials: 
the left and right 
anterior temporal 
region;  
2. Female HR>LR to 
the last 4 trials: the 
anterior & posterior 
temporal region. 
Gallagher et 
al., 2007 
 PDD 12 years 
1 
(1:0) 
/  
TDC 
& 
EP 
3 
(2:1) 
& 
6 
(5:1) 
ISS, 
Imagent 
Tissue 
Oxymeter 
690&830 76-98 3 
Language task: 
verbal fluency; 
Motor control 
task: nonsense 
syllable repetition 
This PDD showed a 
clear lateralization in 
the Broca’s area. 
Task: Letter fluency 
Kawakubo 
et al., 2009 
 
Autism, 
Asperge
r & 
PDD-
NOS 
Child: 
12.7 
(3.4) 
& 
Adult: 
26.7 
(6.1) 
Child: 
14 
(12:2) 
& 
Adult: 
13 
(9:4) 
DSM-IV 
CARS-TV 
 
TDC 
& 
Unaffect
ed 
siblings 
Child: 
14(12:2) 
& 
12(4:8) 
Adult: 
13(9:4) 
& 
12(7:5) 
Hamamatsu, 
NIRO-200 
775, 810 & 
850 
2 3 
Letter 
fluency task: 
syllable 
1. Child group: no 
significant difference: 
the PFC 
2. Adult group: 
ASD<TDC of oxy-Hb 
but no deoxy-Hb 
Kuwabara et 
al., 2006 
 PDD 
26.5 
years 
(7,1) 
10 
(6:4) 
DSM-IV 
CARS 
 TDC 
10 
(9:1) 
Hitachi, 
ETG-100 
760&840 24 3 
Letter fluency 
task: syllables 
1. ASD<TDC: the PFC;  
2. In PDD, Oxy-Hb was 
negatively correlated 
with the verbal 
communication. 
 
 
 
Table 1 Characteristics and results of fNIRS studies on functional activation in ASD 
Study (year)  ASD & High-risk of ASD group  Comparison group NIRS measurement Task & Stimuli 
Main findings of fNIRS 
measurement 
  
Sub-
group 
Mean 
age 
(sd) 
N 
(M/F) 
Diagnosis 
criteria 
 
Sub-
group 
N 
(M/F) 
System 
Wavelength 
(nm) 
Chann
els 
S-D 
distance 
(cm) 
  
Task: Letter fluency 
Iwanami et 
al., 2011 
 
Asperge
r 
27.2 
years 
(8.5) 
20 
(14:6) 
DSM-IV 
AQ 
 TDC 
18 
(12:6) 
Hitachi, 
ETG-4000 
695&830 52 3 
Category & letter 
fluency tasks 
Asperger<TDC for the 
letter fluency task: the 
PFC 
Task: Working memory 
Narita et al., 
2012 
 ASD 
29.5 
years 
11 
(3:8) 
DSM-IV 
ADI-R 
 TDC 
22 
(6:16) 
Hamamatsu, 
NIRO-201 
735, 810 & 
850 
2 3 
Task-switching: 
geometrical 
figures 
with different 
color and shapes 
Autism subjects did not 
show clear response 
and right laterality 
during the working-
memory task: the PFC 
Narita, 2015  ASD 
20 years 
(4.76) 
4 
(4:0) 
DSM-5  
ADI-R 
 / / 
Hamamatsu, 
PocketNIRS 
735, 810 & 
850 
2 3 
NFB training & 
working memory 
switching task 
ASD subjects showed 
improved activation in 
the PFC and relevant 
tasks performance 
during neurofeedback 
training. 
Yanagisawa 
et al., 2016 
 
Asperge
r & 
Autism: 
high-
function
ing 
29.5 
years  
11 
(3:8) 
DSM-IV 
ADI-R 
 TDC 
21 
(5:16) 
Hamamatsu, 
NIRO-200 
775, 810 & 
850 
2 3 
Working memory 
task: graphics 
with different 
color and shapes 
Autism< TDC of 
weighted separability 
values: the left 
dorsolateral PFC. 
Task: Response inhibition 
Funabiki et 
al., 2012 
 
Asperge
r & 
PDD-
NOS 
16.8 
years 
(6.1) 
11 
(10:1) 
DSM-IV-TR  TDC 
12 
(10:2) 
Shimazu, 
OMM-3000 
780, 805 & 
830 
32 3 
Listening & 
Ignoring task: 
sounds of tones 
and meaningful 
stories 
Autism subjects 
showed different 
patterns of activation: 
the PFC 
Ishii-
Takahashi et 
al., 2014 
 
Asperge
r & 
PDD-
NOS 
30.8 
years 
(7.2) 
21 
(8:13) 
DSM-IV 
ADI-R 
ADOS 
AQ 
 
TDC 
& 
ADHD 
21 
(13:8) 
& 
19 
(11:8) 
Hitachi 
ETG-4000 
695&830 52 3 
Pre- and post-
periods: an image 
of a dog; Stop 
signal task: "GO" 
and "Stop" sound 
1. ASD<TDC for the 
stop task: in the PFC 
 2. ASD<AHDH: the 
PFC 
Xiao et al., 
2012 
 
Autism: 
high-
function
ing 
10.11 
years 
(2.08) 
19 
DSM-IV 
ADI-R 
 
TDC 
& 
ADHD 
16 
& 
16 
Huazhong 
University, 
JH-NIRS-
BR-05 
735, 805 & 
850 
16 2.2 
Go/No-go task: 
letter ‘‘O’’&"X"; 
Stroop task: letter 
‘‘X’’ with 4 
colors & black 
Chinese 
characters 
Autism <TDC during 
the No-go task: the 
right PFC 
 
 
 
 
Table 2 Characteristics and results of fNIRS studies on functional connectivity in ASD 
Study (year)  ASD & High-risk of ASD group  Comparison group NIRS measurement Task & Stimuli 
Main findings of fNIRS 
measurement 
  
Sub-
group 
Mean 
age 
(sd) 
N 
(M/F) 
Diagnosis 
criteria 
 
Sub-
group 
N 
(M/F) 
System 
Wavelength 
(nm) 
Chann
els 
S-D 
distance 
(cm) 
  
Keehn et al., 
2013 
 HR 
3, 6, 9 
&12 
months 
33 ASD sibling  LR 43 
Hitachi, 
ETG-4000 
695 & 830 24 3 
Trisyllabic 
sequences "ABB" 
or "ABC" 
For the functional 
connectivity between 
frontal and temporal 
cortex:  
1. HR>LR at 3 months  
2. HR<LR at 12 months 
Kikuchi et 
al., 2013 
 
Asperge
r, 
Autism 
& 
atypical 
Autism 
47–86 
months 
15 
(13:2) 
DSM-IV 
ADOS 
DISCO 
 TDC 
15 
(13:2) 
Shimadzu’s, 
FOIRE-
3000 
780, 805 & 
830 
2 3 
Stimulation-free 
& attractive 
picture-card 
1. ASD>TDC for 
bilateral PFC 
connectivity 
2. In ASD group, 
higher bilateral PFC 
connectivity is related 
to lower social ability 
J. Li et al., 
2016 
 ASD 
9.3 
years 
(1.4) 
25 
(18:7) 
DSM-IV-TR  TDC 22(18:4) 
Shimadzu’s, 
FOIRE-
3000 
780, 805 & 
830 
24 3 Stimulation-free 
ASD<TDC: functional 
connectivity between 
bilateral temporal lobe 
Y. Li et al., 
2016 
 ASD 
6.1 
years 
(1.1) 
12 
(9:3) 
Diagnosed by 
hospital 
 TDC 
12 
(9:3) 
Shimadzu, 
LABNIRS 
780, 805 & 
830 
44 3 Stimulation-free 
ASD<TDC for lobe-
level inter-region 
connectivity in the right 
PFC. 
 
 
 
  
 
 
 
Supplementary Figure 1: Risk of bias assessment.  
 
 
 
 
 
